Plectin is a versatile cytolinker of the plakin family conferring cell resilience to mechanical stress in stratified epithelia and muscles. It acts as a critical organizer of the cytoskeletal system by tethering various intermediate filament (IF) networks through its C-terminal IFbinding domain (IFBD). Mutations affecting the IFBD cause devastating human diseases. Here, we show that serine 4642, which is located in the extreme C-terminus of plectin, is phosphorylated in different cell lines. Phosphorylation of S4642 decreased the ability of plectin IFBD to associate with various IFs, as assessed by immunofluorescence microscopy and cell fractionation studies, as well as in yeast two-hybrid assays. Plectin phosphorylated at S4642 was reduced at sites of IF network anchorage along cell-substrate contacts in both skin and cultured keratinocytes. Treatment of SK-MEL-2 and HeLa cells with okadaic acid increased plectin S4642 phosphorylation, suggesting that protein phosphatase 2A dephosphorylates this residue. Moreover, plectin S4642 phosphorylation was enhanced after cell treatment with EGF, phorbol ester, sorbitol and 8-bromo-cyclic AMP, as well as during wound healing and proteasemediated cell detachment. Using selective protein kinase inhibitors, we identified two different kinases that modulate the phosphorylation of plectin S4642 in HeLa cells: MNK2, which is downstream of the ERK1/2-dependent MAPK cascade, and PKA. Our study indicates that phosphorylation of S4642 has an important regulatory role in the interaction of plectin with IFs and identifies a novel link between MNK2 and the cytoskeleton.
Introduction
Among the seven members of the plakin family in mammals (Sonnenberg and Liem, 2007) , plectin is one of the best characterized (Winter and Wiche, 2013) . Plectin is a ubiquitous structural cytoskeletal element, critical for the maintenance of the cytoarchitecture and cell resilience, particularly in tissues exposed to mechanical stress, such as the epidermis, skeletal and cardiac muscles. In the skin, plectin is a component of hemidesmosomes, junctional membrane complexes that promote dermo-epidermal adhesion linked to the cytokeratin network (Borradori and Sonnenberg, 1999) . In skeletal and cardiac muscles, various isoforms of plectin are specifically localized at Z-lines, intercalated disks and costameres (Konieczny et al., 2008) , where the desmin intermediate filament (IF) network is anchored (Rezniczek et al., 2003) . Plectin-null mice die soon after birth and show widespread epithelial detachment and muscular dystrophy with necrotic muscle fibers, streaming of Z-lines, focal ruptures of the sarcolemmal membrane, and subsarcolemmal accumulation of mitochondria (Andrä et al., 1997) . Similar findings are also observed in tissuerestricted conditional knockout mice (Konieczny et al., 2008) . In humans, pathogenic mutations in the plectin gene cause distinct types of epidermolysis bullosa simplex that are variably associated with muscular dystrophy, pyloric atresia, central nervous manifestations and neuropathy (Winter and Wiche, 2013) .
Plectin binds to several types of IF proteins, including epidermal and simple cytokeratins, vimentin, desmin, GFAP and neurofilaments, via its C-terminal tail. This part of plectin is composed of five type B and one type C globular plakin repeat domains (PRDs) that are connected by intervening sequences (Winter and Wiche, 2013) . Specifically, a 50-amino-acid stretch in the linker region between the fifth type B PRD and the last PRD of type C contains sequences critical for IF binding (Nikolic et al., 1996) (Fig. 1A) . Nevertheless, our laboratory recently found evidence that the PRD-C associated with the C-terminal extremity was also able to interact with IFs (Favre et al., 2011) (B.J.-E., unpublished results). Strikingly, non-sense mutations in the PRD C or the C-terminal extremity that are downstream the above mentioned linker region lead to devastating effects in humans with skin, skeletal muscle and central nervous system manifestations (Schröder et al., 2002; Winter and Wiche, 2013) . These observations indicate that the C-terminal extremity is critical for IF-plectin linkage and tissue homeostasis.
The IF family consists of six sub-types of highly insoluble proteins (Herrmann and Aebi, 2004) , which are differentially expressed in tissues according to the cell type and differentiation state. Previous studies have indicated that plectin binds to the rod domain of vimentin and desmin (Favre et al., 2011) . As for plectin, inherited pathogenic or engineered mutations in the genes encoding keratin 5 and keratin 14 in human or mouse, respectively cause epidermolysis bullosa simplex with cell fragility and disorganization of the IF cytoskeleton (Porter and Lane, 2003) . In humans and mice, loss of desmin also disturbs myofiber cytoarchitecture and integrity with disruption of the contractile apparatus (van Spaendonck-Zwarts et al., 2010) .
A number of fundamental biological processes, such as cell division, migration and differentiation, require profound cytoskeletal reorganizations involving IFs remodeling and the regulation of the interaction of plectin with IFs (Omary et al., 2006) . Evidence has been provided that phosphorylation of plectin affects its binding to IFs. Specifically, the phosphorylation of the sixth PRD of plectin at threonine 4542 by CDK1 during M-phase is associated with a concomitant dissociation of plectin from the vimentin network . Phosphorylation of plectin by either PKA or PKC has a different impact on its binding to vimentin, but the phosphorylation sites have not been characterized (Foisner et al., 1991) .
Here we have found that phosphorylation of S4642 in the Cterminal extremity of plectin is increased in cell wound healing, and is associated with a weakening of its binding to IFs. In cultured HeLa cells, plectin S4642 phosphorylation is under the control of protein phosphatase 2A, cyclic AMP-dependent protein kinase (PKA) and mitogen-activated protein kinase-interacting kinase 2 (MNK2). Until now, the latter has only been involved in the modulation of protein synthesis by phosphorylating the eukaryotic initiation factor 4E (Parra et al., 2005) . Our findings provide new insight into the dynamic regulation of the association of plectin with IFs during cytoskeletal reorganization and reveal a new role for MNK2 in the regulation of the cytoskeleton.
Results
Recombinant and endogenous plectin proteins are phosphorylated at S4642 in various cell lines
Phosphorylation of a S2849 in the C-terminal extremity of desmoplakin, a plakin member very similar to plectin, weakens its affinity for IFs (Stappenbeck et al., 1994; Meng et al., 1997; Fontao et al., 2003; Godsel et al., 2005) . Mammalian plectin has an identical sequence surrounding S4642 in its C-terminal extremity (position corresponding to the human plectin isoform 1) (Fontao et al., 2003) . Large-scale phosphoproteomic studies have indicated that this residue is phosphorylated in various cells and tissues (Dephoure et al., 2008; Hornbeck et al., 2012) . To corroborate these results and further study the role of this phosphorylation, we raised in rabbits antibodies against a desmoplakin peptide phosphorylated at S2849 (pS2849) and purified them by affinity chromatography. These antibodies not only recognized desmoplakin pS2849 (unpublished data) but also plectin phosphorylated at S4642 (pS4642). Western blotting (WB) of extracts from PtK2 (Fig. 1B) and HEK 293T cells (supplementary material Fig. S1A,B) , transiently expressing recombinant proteins encompassing the C-terminal domains of plectin, and various nontransfected human cell lines (Fig. 1D) , demonstrate that the antiplectin pS4642 antibodies recognize bands with the same electrophoretic mobility as the anti-HA or anti-plectin antibodies. Substitution of S4642 with alanine or glycine (phospho-deficient) abrogated the recognition of the recombinant proteins by the antipS4642 antibodies (Fig. 1B and supplementary material Fig. S1A ) and alkaline phosphatase treatment of WB membranes or transfected and fixed cells reduced the immunoreactivity of recombinant plectin proteins to the anti-pS4642 antibodies indicating phospho-specificity of the antibodies (supplementary material Fig. S1B,C) . Immunoprecipitation of HA mouse (m) PL-C-E and HA-mPL-C-E S4644G (S4642 in human plectin corresponds to S4644 in mouse plectin) from transfected and metabolically 32 P-radiolabelled PtK2 cells revealed that only the wild-type recombinant protein had incorporated phosphate (Fig. 1C) , suggesting that S4644 was the major phosphorylated site within mPL-C-E.
Recombinant pS4642 plectin proteins are not associated with the IF proteins in transfected cells
To study the effect of plectin pS4642 on the ability of recombinant plectin IFBDs to localize to IFs, we transfected PtK2 cells, in which the negative impact of phosphorylation at S2849 in the desmoplakin C-terminal extremity was much more (D) Anti-pS4642 and anti-plectin rod antibodies recognized a protein with the same electrophoretic mobility on WB (ECL) prepared with extracts from A431, SK-MEL-2 and NHK cells (HEK 293T cells express very low levels of plectin). The rod-less isoform(s) of plectin whose migration is indicated by the arrow, was also detected by the anti-pS4642 antibodies [MD-EBS keratinocytes only express rod-less plectin (Koster et al., 2004) whereas desmoplakin migrates below plectin rod-less isoform(s)].
pronounced than in other cell lines (Stappenbeck et al., 1994) . Expression of the phospho-deficient HA-mPL-C-E S4644G mutant resulted in the reorganization and collapse of the K8/K18 network two times more frequently than HA-mPL-C-E (Fig. 2) . Analogous to studies of the C-terminal region of desmoplakin (Stappenbeck et al., 1994) , significant differences in the co-alignment potential between HA-mPL-C-E and HA-mPL-C-E S4644G with various IF networks was not observed in other cell lines such as HaCat (K5/14), HeLa (K8/18 and vimentin), HEK293T (vimentin and neurofilaments), and SW13 (vimentin) (data not shown). Larger plectin C-terminal recombinant proteins, encompassing PL-B 5 -E and PL-B 4 -E (see Fig. 1A ), co-aligned with IFs in all transfected cell lines including PtK2 (supplementary material Fig. S2 and data not shown). Furthermore, we could not discern noticeable difference of localization pattern among these recombinant proteins bearing a serine, glycine, alanine, aspartate or glutamate at position 4642 (supplementary material Fig. S2 and data not shown).
To assess whether phosphorylation of plectin S4642 affects binding to IFs, we performed Triton X-100 (TX-100)-based cell fractionation of HeLa cells expressing various plectin recombinant proteins. In transfected HeLa cells, EGFP-PL-B 4 -E (S4642 or S4642A) and to a lesser extent HA-mPL-C-E (S4644 or S4644G) localized to IFs (supplementary material Fig. S3 ). Nevertheless, quantitative WB analyses showed that the pS4642 forms of recombinant plectin-IFBD proteins were mainly soluble in TX-100 cell lysates, while the TX-100 insoluble fractions contained a larger proportion of total recombinant plectin-IFBD proteins (Fig. 3A) . Moreover, phospho-deficient plectin S4642 mutants were more associated with the cytoskeletal fractions (70610%) than their wildtype equivalents (Fig. 3A,B) . In TX-100 extraction, endogenous plectin and vimentin were only found in the insoluble fraction (Fig. 3C ). However, with an extraction buffer containing 5 mM EDTA (TX-100-2), plectin became partly soluble and pS4642 plectin was 1.8 times more soluble than total plectin (Fig. 3D) . A similar difference (1.56) between the solubility of pS4642 plectin and plectin was observed in a high salt buffer (data not shown).
Lastly, we tested in yeast two-hybrid and three-hybrid assays the ability of mPL-C-E and the S4644G mutant, fused to GAL4-AD, to bind to several IF proteins of different types fused to GAL4-BD; K5/14 and K8/18 (type I and II), vimentin and desmin (type III) and NFL/NFH (type IV). In contrast to mPL-C-E S4644G , mPL-C-E did not support yeast growth (supplementary material Fig. S4A ). WB from transformed yeast extracts indicated that mPL-C-E was phosphorylated (supplementary material Fig. S4B ), suggesting that phosphorylation of mPL-C-E at S4644 inhibited its interaction with IF proteins. Altogether, these findings strongly support the conclusion that phosphorylation of S4642 weakens the association of plectin with IFs.
Endogenous pS4642 plectin has an altered cytoplasmic distribution with the IF network in cultured cells
To assess the impact of S4642 phosphorylation on the cytoplasmic distribution of endogenous plectin, we carried out confocal laser immunofluorescence microscopy studies with the anti-pS4642 antibodies and the GP21 anti-plectin antibodies, raised against a recombinant plectin comprising the PRD-C and the C-terminal extremity. To exclude cross-reactivity of the antipS4642 antibodies with pS2849 desmoplakin, we used two cell lines with negligible or lacking desmoplakin expression respectively, the metastatic melanocytic SK-MEL-2 (Wu et al., 2009 ) and the immortalized desmoplakin-deficient keratinocyte cells, LAEB (Hobbs and Green, 2012) . In SK-MEL-2 cells, plectin co-localized with the vimentin (a type III IF protein) network, whereas the staining of pS4642 plectin was less filamentous throughout the cytoplasm (Fig. 4A) . To confirm this difference in staining, we analyzed plectin and pS4642 intensity signals after plectin knockdown with siRNA. Plectin silencing similarly decreased the signals obtained by both the anti-pS4642 and GP21 antibodies in immunofluorescence as well as in WB studies (supplementary material Fig. S5 ), confirming that both antibodies have a similar specificity for plectin. Determination of the Pearson's coefficient (Pc) (Adler and Parmryd, 2010) for quantifying co-distribution of two signal intensities indicated that pS4642 plectin was significantly less associated with IFs than total plectin (Fig. 4A) . A similar albeit weaker difference in localization between pS4642 and total plectin was also observed in LAEB keratinocytes, which express a dense type I and type II keratin 5/14 IF network (Pc pS4642 PL-IF: 0.5, Pc PL-IF: 0.7, P,0.05, data not shown).
pS4642 plectin levels are increased during wound healing Cell migration and wound healing are affected by the presence of the IF cytoskeleton and plectin. During these processes, IFs and plectin are redistributed suggesting that their interaction is regulated (Osmanagic-Myers et al., 2006; Ivaska et al., 2007; McInroy and Määttä, 2011) . Therefore, we scratched confluent cultures of SK-MEL-2 cells and analyzed by immunofluorescence microscopy the levels of pS4642 plectin during wound closure. The amount of pS4642 plectin was higher in wound-proximal cells than in those distant from site of scratching ( Fig. 4B ), suggesting that cell migration enhances phosphorylation of plectin at S4642.
Plectin S4642 is mainly unphosphorylated in the epidermis and PAJEB-b4 keratinocytes at sites of cell-substrate contact Since plectin is a key component of hemidesmomes by anchoring the keratin IFs to the basal cell membrane in basal keratinocytes (Borradori and Sonnenberg, 1999) , we analyzed the phosphorylation state of plectin in skin. WB analysis of epidermal protein extracts showed that plectin was phosphorylated at S4642 (Fig. 5B) . In immunofluorescence microscopy studies on cryosections of normal human skin, the polyclonal GP21 antibodies predominantly stained the epidermal basal membrane zone, where hemidesmosomes are localized (Borradori and Sonnenberg, 1999) . Some cytoplasmic and cell membrane labeling was also observed in basal and suprabasal cell layers as previously described (Andrä et al., 2003) (Fig. 5A ). By contrast, the anti-pS4642 antibodies labeled only weakly the epidermal basement membrane zone, whereas there was a strong membranous and cytoplasmic labeling in the suprabasal layers (Fig. 5A ). The latter is likely due to the cross-reactivity with pS2849 desmoplakin based on the distribution of desmoplakin in human epidermis. Since desmoplakin is not localized along the epidermal basal membrane (Getsios et al., 2004) (Fig. 5A ), the obtained results indicate that, in contrast to unphosphorylated plectin, pS4642 plectin is almost absent along the epidermal basement membrane with hemidesmosomes. The phosphorylation state of plectin S4642 at sites of cellsubstrate contact was further investigated in cultured PAJEB-b4 keratinocytes. By immunofluorescence analyses of Z-stack sections of PAJEB-b4 keratinocytes cultured in high Ca 2+ , both the integrin b4-subunit and plectin had a similar distribution pattern, typical for hemidesmome-like structures or stable anchoring contacts ( Fig. 5C and supplementary material Fig. S6 ) (Borradori et al., 1997) . By contrast, the labeling obtained with anti-pS4642 antibodies was weak at cell-substrate attachment sites but increased on the cytoplasmic side where integrin b4 signals faded away ( Fig. 5C and supplementary material Fig. S6 ).
Collectively, these findings indicate that plectin is negligibly phosphorylated at S4642 when associated with hemidesmosomes in the epidermis and in hemidesmosome-like structures in cultured keratinocytes, at sites where plectin is known to anchor the IF network (Borradori and Sonnenberg, 1999) .
Treatment of HeLa cells with EGF, phorbol ester, sorbitol, proteases or okadaic acid increases the level of pS4642 plectin According to prediction programs (Blom et al., 2004; Xue et al., 2008) , several protein kinases (PKs) are potentially able to phosphorylate plectin S4642/4. In vitro, both PKA and PKC phosphorylated purified, recombinant H6-tagged mPL-C-E protein (supplementary material Fig. S7 ). Trypsin digestion, phospho-peptide enrichment by affinity chromatography and phospho-site identification by mass spectrometry revealed that S4644 was the only residue phosphorylated by both PKA and PKC within mPL-C-E (data not shown).
To identify the PK(s) phosphorylating plectin S4642 in vivo, we next tested various stimuli for their ability to increase pS4642 including EGF, phorbol-12-myristate-13-acetate (PMA, an activator of conventional and novel PKC isozymes), sorbitol (hyperosmotic shock) and anisomycin (a protein synthesis inhibitor). pS4642 plectin in HeLa cells rapidly increased after EGF, PMA and sorbitol treatments (Fig. 6A) . By contrast, anisomycin decreased the phosphorylation level of pS4642 (Fig. 6A) . Upon increasing incubation times with anisomycin and sorbitol there was a progressive degradation of plectin, most likely reflecting proteolysis during apoptosis (Stegh et al., 2000) induced by these compounds (Marfe et al., 2009; Liu et al., 2013) . In agreement with previous reports (Raingeaud et al., 1995; Kayali et al., 2000; Bagowski et al., 2003) , we observed a rapid and long lasting stimulation of ERK1/2 in HeLa cells incubated with EGF, PMA and sorbitol, whereas anisomycin was a poor stimulator of ERK1/2. By contrast, the stimulation of p38 by EGF and PMA treatment was weak and short compared with the effects of sorbitol and anisomycin (Fig. 6A) . Therefore, our results suggest that phosphorylation of plectin S4642 is selectively dependent on the ERK1/2 pathway.
Since PKC is stimulated by PMA and EGFR (Boonstra et al., 1995) , we next tested whether a PKC inhibitor could inhibit both EGF-and PMA-induced phosphorylation of plectin S4642 in HeLa cells. Pretreatment of cells with the specific PKC inhibitor, Gö6983 completely abrogated the PMA-induced but not the EGF-induced phosphorylation of plectin S4642 (Fig. 6B) . These results confirm that PKC is involved in the phosphorylation of plectin S4642 and reveals that the action of EGF is independent of PKC.
Detachment of HeLa cells by trypsinization, which is known to stimulate the ERK1/2 pathway (Myatt and Hill, 2005; Riteau et al., 2006) , also increased the levels of plectin pS4642 (Fig. 6C) . A similar phenomenon was observed when HeLa cells were detached from substratum with dispase II treatment but not with EDTA (data not shown). The effect of trypsin was reversible when cells were re-plated. During the first hour, the levels of plectin pS4642 decreased, followed a few hours later by a slight increase, probably corresponding to cell spreading (supplementary material Fig. S8) .
Finally, in all tested cell lines (A431, SK-MEL-2 and HeLa), treatment with okadaic acid, a protein phosphatase 2A (PP2A) inhibitor (Favre et al., 1997) , increased phosphorylation of plectin S4642 (Fig. 6D and not shown) suggesting that PP2A directly dephosphorylates pS4642 and/or inhibits signaling pathways leading to phosphorylation of plectin S4642.
EGF and PMA stimulate the phosphorylation of plectin S4642 via MNK2
As EGFR and PKC predominantly activate the MAPKs ERK1 and/or ERK2 (ERK1/2) and ERK5, we pretreated HeLa cells with U0126, a specific inhibitor of their upstream stimulators MEK1/2 and MEK5 (Cargnello and Roux, 2011) , before challenging them with EGF or PMA. U0126 completely blocked the action of both stimuli on plectin pS4642 and pERK1/2 levels (Fig. 7A) , indicating that PKC does not directly phosphorylate plectin S4642 in response to PMA treatment. Phosphorylation of plectin S4642 was hence dependent on ERK1/2 and/or ERK5. Nevertheless, they cannot directly phosphorylate plectin S4642, because of their substrate consensus motif incompatible with S4642 (Lewis et al., 1998) . ERK1/2 and ERK5 activate several downstream kinases encompassing 90 kDa ribosomal S6 kinases (p90RSKs), mitogen and stress activated kinases (MSKs), and MAP-kinaseinteracting kinases (MNKs) (Cargnello and Roux, 2011) . MSKs were excluded as candidate kinases because they are almost exclusively nuclear, are activated by p38 (Cargnello and Roux, 2011) , and are inhibited by H-89, a broad range PK inhibitor (Davies et al., 2000) . H-89 treatment could not inhibit the EGFinduced phosphorylation of plectin S4642 (supplementary material Fig. S9 ). MNK1 was also excluded because it is activated by p38 (Cargnello and Roux, 2011) . Thus, the four p90RSKs and MNK2, represented the main candidates for the phosphorylation of plectin S4642 upon EGF and PMA treatment. We treated HeLa cells with BI-D1870, a specific inhibitor of all p90RSKs (Sapkota et al., 2007) , which actually increased plectin pS4642 and pERK1/2 (Fig. 7B) , excluding p90RSKs from the list of candidate kinases. Cell-dependent ERK1/2 activation by BI-D1870 has been previously reported (Sapkota et al., 2007) and seems to be due to the inhibition of RSK4, which negatively regulates ERK1/2 activation (Myers et al., 2004) .
The sole remaining candidate kinase was therefore MNK2. HeLa cells were pretreated with an inhibitor of MNKs CGP 57380, with an ERK1/2 inhibitor FR 180204, or with a p38 inhibitor SB 203580 prior to PMA or EGF treatment (Knauf et al., 2001; Ohori et al., 2005) . WB analyses showed that ERK1/2 and MNK inhibitors prevented the EGF-and PMA-dependent increase of pS4642 while the p38 inhibitor did not (Fig. 7C) . As expected, none of these compounds inhibited the activation of ERK1/2 by PMA and EGF (Fig. 7C) . Furthermore, we cotransfected HEK 293T cells with cDNA constructs encoding either HA-plectin or HA-mPL-C-E with a plasmid coding for 1) FLAG-MNK2, which is constitutively active in HEK 293T cells; 2) a constitutively active mutant of MNK1, FLAG-MNK1-T332D (TD); or 3) an empty vector as control (Knauf et al., 2001) . Both recombinant plectin proteins were more strongly phosphorylated on S4642 when FLAG-MNK2 was co-expressed compared with FLAG-MNK1 TD or control, confirming that MNK2 is involved in the phosphorylation of plectin S4642 (Fig. 7D) .
Plectin S4642 is phosphorylated by PKA Sorbitol induces MNK2 activation via the MEK1/2 MAPK module (Cargnello and Roux, 2011) . Nevertheless, pretreatment of HeLa cells with either U0126 or H-89 did not block the positive effect of sorbitol on phosphorylation of S4642. However, H-89 decreased the pS4642 level in serum-starved HeLa cells (Fig. 8A) . These findings raised the possibility that, in addition to MNK2, an H-89-sensitive PK is also involved in plectin S4642 phosphorylation. To confirm the involvement of a second kinase stimulated by sorbitol, we pretreated HeLa cells with combinations of PK inhibitors. Sorbitol-induced phosphorylation of S4642 was inhibited when cells were preincubated with H-89 and U0126 or CGP 57380 (Fig. 8B) , demonstrating that sorbitol stimulates MNK2 and an H-89-sensitive PK that is independent from the MEK1/2 cascade. As treatment of cells with sorbitol is able to stimulate PKA (Mao et al., 2004) , purified PKA phosphorylates recombinant plectin S4642 in vitro (see above), and PKA is sensitive to H-89 (Davies et al., 2000) , we next incubated HeLa cells with a potent cell permeable PKA stimulator, 8-bromo-cyclic AMP (8-Br-cAMP) and observed a strong increase in the phosphorylation of plectin S4642 (Fig. 8C) . This stimulation was inhibited by pretreatment of Fig. 7 . Inhibitors of the ERK1/2 MAPK pathway and MNKs block EGF-induced and PMA-induced S4642 phosphorylation. (A) Starved HeLa cells were pretreated for 1 hour with 10 mM U0126 (MEK1/2 and 5 inhibitor) or DMSO (control) and then treated or not with PMA or EGF (100 nM or 100 ng/ml respectively for 15 minutes). WB analysis was performed as in Fig. 6 . *P,0.05 (n$3). (B) Starved HeLa cells were treated with 10 mM BI-D1870 (RSKs inhibitor) for 1 hour and pERK and pS4642 levels analyzed by WB. *P,0.05 (n53). (C) Starved HeLa cells were pretreated for 1 hour with 10 mM FR 180204 (ERK1/2 inhibitor), 40 mM CGP 57380 (MNK inhibitor), 10 mM SB 203580 (p38 inhibitor) or DMSO (control) and then treated or not with PMA or EGF (100 nM or 100 ng/ml respectively for 15 minutes), WB analysis as in A. *P,0.05 (n$3). (D) WB analysis of whole extracts from HEK 293T cells co-transfected with plasmids encoding either HA-plectin or HAplectin-C-E and pcDNA3, pcDNA3-FLAG-MNK2, or pcDNA3-FLAG-MNK1-T344D. *P,0.05 (n53). For unclear reasons, the amount of HA-plectin in cells co-transfected with pcDNA3-FLAG-MNK2 was systematically lower than with the empty vector or pcDNA3-FLAG-MNK1-T344D. All graphs show means 6 s.d.
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cells with H-89 (Fig. 8D) , suggesting that PKA is likely to directly phosphorylate plectin S4642 in serum-starved HeLa cells. HeLa cells treatment with 8-Br-cAMP increased the soluble pool of plectin after cell fractionation with TX100-2 buffer (data not shown).
Discussion
Proper regulation of plakin-IF connections is important in the maintenance of the cytoarchitecture and in biological processes requiring a dynamic reorganization of the cytoskeletal system, such as cell division, differentiation and stress responses (Suozzi et al., 2012) . Phosphorylation is one of the major regulatory posttranslational modifications. We here demonstrate that (1) S4642 in the C-terminal extremity of plectin is phosphorylated in vivo and in vitro; (2) phosphorylation of S4642 affects the interaction of plectin with various IFs, including epidermal and simple cytokeratins; (3) the phosphorylation level of S4642 plectin is low at sites of IF anchorage along the basal cell membrane of either basal keratinocytes in the epidermis or of cultured keratinocytes in vivo; (4) pS4642 level is increased during cell wound healing; (5) plectin pS4642 levels are specifically modulated by PP2A, PKA and MNK2; and finally, (6) MNK2 has a newly recognized function in the regulation of cytoskeletal reorganization.
Identification of S4642 as an important phosphosite within the C-terminal extremity of plectin
Our results, obtained with generated anti-pS2849 desmoplakin antibodies crossreacting with pS4642 plectin, demonstrate that endogenous and ectopically expressed recombinant plectin proteins are phosphorylated at S4642. Phosphoproteomic analyses have identified S4642 as a phosphosite and have revealed that plectin PRD-C domain is flanked by two dense clusters of phosphorylated residues with at least 18 phosphosites (Hornbeck et al., 2012) . However, our 32 P autoradiography studies of immunoprecipitated mPL-C-E and mPL-C-E S4644G from PtK2 cells demonstrated that only the wild-type recombinant protein mPL-C-E was phosphorylated under the tested conditions. The other sites are hence either negligibly or not phosphorylated in interphase or their phosphorylation is dependent on prior phosphorylation of S4642 (Fiol et al., 1988) . Therefore, S4642 appears to be an important phosphorylation site within the plectin C-terminal extremity in unsynchronized PtK2 cells. Since treatment of HeLa cells with OA, sorbitol or 8-BrcAMP strongly increased the phosphorylation level of plectin S4642, only a portion of plectin is phosphorylated at S4642 in growing cells (Fig. 6A,D) . CDK1 was reported to phosphorylate plectin in the PRD-C at T4542 during mitosis Malecz et al., 1996) . However, this phosphorylation site has not been identified yet in phosphoproteomic analyses (Hornbeck et al., 2012) and is not conserved in mammalian plectin sequences.
Phosphorylation of S4642 inhibits the interaction of the C-terminal extremity portion of plectin with IFs
We have previously shown that mutation of S2849 in desmoplakin has a positive impact on its association with IF proteins (Stappenbeck et al., 1994; Fontao et al., 2003; Lapouge et al., 2006) , inhibits its cellular trafficking (Godsel et al., 2005) and promotes desmosome adhesive strength (Hobbs and Green, 2012) . Our present findings reveal that phosphorylation of plectin S4642 also inhibits the association of plectin with various types of IFs, including epidermal K5/K14, simple K8/K18 keratins, type III IF proteins and type IV neurofilaments. PL-B 4 -E, phosphorylated at S4642, was highly soluble in transfected HeLa cells, an observation supporting the idea that pS4642 impairs the association of plectin with IF cytoskeletal network. Although previous studies have shown that the C-terminal extremity of plectin is dispensable for its binding to IFs (Nikolic et al., 1996) , recent data indicate that both the PRD-C and the C-terminal extremity strengthen the binding of plectin to distinct IFs (Favre et al., 2011 ) (B.J.-E., unpublished results). The key physiological role of this region in vivo is best attested by the severe phenotype with epidermolysis bullosa simplex and myopathy observed in a patient with a plectin mutation (13803ins16/13803ins16) leading to the truncation of the last 129 amino acids of the C-terminal extremity that includes S4642 (Schröder et al., 2002) .
The finding that substitution of plectin S4642 by an aspartic or glutamic acid did not have a phospho-mimetic effect, as previously observed for desmoplakin S2849 (Fig. 3A and data not shown) (Fontao et al., 2003) , suggests that this phosphorylation event does not simply exert a charge effect. It is conceivable that sequential phosphorylation of additional sites is required, as described for the modulation of the interaction between plectin and the integrin b4 subunit (Frijns et al., 2010) , which may trigger more pronounced conformational changes.
In contrast to what we observed with the recombinant pS4642 PL-B 4 -E protein, endogenous plectin was exclusively found in the TX100-insoluble fraction in PBS (Fig. 3C ). Since plectin is dimeric and is able to form oligomers by lateral association (Walko et al., 2011) , incompletely phosphorylated plectin oligomers could remain associated with IFs. Moreover, a vimentin-binding site has been identified in the N-terminal ABD of plectin (Sevcik et al., 2004) and plectin interacts with other insoluble proteins than IFs, including microfilaments, microtubules and large membrane protein complexes. Nevertheless, in more stringent extraction conditions, partially solubilizing plectin, pS4642 plectin was more abundant than total plectin in the soluble fraction (Fig. 3D) , providing additional support to the idea that phosphorylation of plectin at S4642 is associated with a weaker interaction of plectin with the cytoskeletal fraction.
S4642 is predominantly unphosphorylated in plectin at sites of cell-substrate contact and is increased during cell wound healing and in protease-mediated cell detachment Plectin gene mutations in epidermolysis bullosa simplex lead to a disorganization and collapse of the IF network, attesting the importance of plectin for the anchorage of IFs to hemidesmosomes in basal keratinocytes (Winter and Wiche, 2013) . Our immunofluorescence microscopy studies showed that the phosphorylation level of plectin S4642 along the epidermal basement membrane of skin as well as in hemidesmosome-like structures of cultured keratinocytes was significantly reduced compared with total plectin (Fig. 5A,C and supplementary  material Fig. S6 ). It is unlikely that the weak labeling obtained with anti-pS4642 antibodies is due to an accessibility problem, since total plectin was detected by GP21 antibodies, also directed against a C-terminal portion of plectin, and immunoreactivity with desmoplakin pS2849 at cell membrane sites in suprabasal cell layers of skin was maintained. Hence, these observations corroborate the idea that unphosphorylated plectin is concentrated in hemidesmosomes, where it mediates linkage of IFs to the basal membrane.
The cell morphology changes that occur during cell migration, detachment and spreading imply significant cytoskeleton reorganization. These highly coordinated processes are known to be influenced by the expression and/or localization of IFs and plectin (Osmanagic-Myers et al., 2006; Ivaska et al., 2007; McInroy and Määttä, 2011) . Our findings that pS4642 is affected during wound healing and protease-mediated detachment ( Fig. 4B and Fig. 6C ) suggest that plectin phosphorylation participates in increasing cell plasticity required for morphologic changes. Since these latter processes are dynamic, phosphorylation of pS4642 by different stimuli (Figs 6, 7 and 8) may represent a mean by which plectin-IFs association and dissociation are rapidly modulated.
Plectin S4642 is phosphorylated by MNK2 and PKA Stimulation with EGF or phorbol ester increased plectin pS4642 levels in HeLa cells (Fig. 6A,B and supplementary material Fig.  S9 ). The results, obtained using several inhibitors of PKs along the MAPK pathways, demonstrate that both stimuli independently converge to the same MEK1/2-dependent PK cascades, with MNK2 as the final effective kinase, since no PK downstream MNK2 has been identified so far (Cargnello and Roux, 2011) . MNK2 bears a binding site for ERK1/2, which in contrast to the ERK1/2 binding site of MNK1, is not affected by phosphorylation of ERK1/2 by MEK1/2 (Cargnello and Roux, 2011) . The unique, so far well characterized substrate of MNK2 is the eukaryotic initiation factor 4E (Cargnello and Roux, 2011) . Hence, our findings link, for the first time, MNK2 to a cytoskeletal protein and potential regulation of the cellular architecture.
MNK2 is co-activated with other MAPK-activated PKs like p90RSKs after MEK1/2-ERK1/2 stimulation. Interestingly, PKC and EGF also independently promote hemidesmosome disassembly via the activation of the ERK1/2 MAPK pathway. During this process, ERK1/2, p90RSKs and PKD1 (PKCm) phosphorylate the integrin b4 subunit on multiple sites, inducing its dissociation from plectin (Frijns et al., 2010; Frijns et al., 2012) . Therefore, our results suggest that plectin S4642 and integrin b4 subunit phosphorylation could occur in parallel in response to EGF. Although the association of plectin with keratins was not found to be essential for hemidesmosome assembly (Geerts et al., 1999) , recent studies indicate that the keratin cytoskeleton is essential for the proper incorporation and/ or maintenance of plectin in hemidesmosomes and their clustering (Seltmann et al., 2012) . Consequently, the phosphorylation of the C-terminal extremity of plectin may represent a mechanism regulating not only IF-plectin association but also hemidesmosome assembly and organization.
The observation that sorbitol-induced phosphorylation of plectin S4642 was only inhibited by combinations of unrelated PK inhibitors and that H-89 decreased the basal level of pS4642 in serum-starved HeLa cells, suggested the involvement of a second kinase. The implication of PKA is pointed by its sensitivity to H-89 and the stimulation of plectin S4642 by 8-Br-cAMP. In this context, treatment of HeLa cells by forskolin, an activator of adenylate cyclase, stimulates the phosphorylation of desmoplakin S2849 (Stappenbeck et al., 1994; Godsel et al., 2005) , while PKC activity promotes desmoplakin assembly into desmosomes (Bass-Zubek et al., 2008) .
Early analyses showed that the plectin COOH tail is a substrate for both PKA and PKC in vitro (Foisner et al., 1991) . Plectin, phosphorylated in vitro by PKA, had a higher affinity for IFs than PKC-phosphorylated or PPase-treated plectin, suggesting that PKA and PKC phosphorylate different sites with opposite effects (Foisner et al., 1991) . Our study with MALDI-TOF and recombinant proteins demonstrated that S4642 is the major target within PL-C-E for both PKA and PKC in vitro (supplementary material Fig. S7 ). The observation that S4642 is phosphorylated in vitro by PKC, but not in HeLa cells (Fig. 6B) , is most likely due to the fact that PKs are less specific in vitro than in vivo (Hubbard and Cohen, 1993) .
Based on a previously published algorithm (Neuberger et al., 2007) , two sites along the whole primary sequence of plectin isoform 1 have a very high probability of being phosphorylated by PKA: S4642 and the residue S4268, located in the linker region critical for IF binding (Nikolic et al., 1996) . The latter has also been identified as a phospho-site in numerous phophoproteomic analyses. Since a previous study suggested that phosphorylation of additional residues by PKA in the Cterminus of plectin promotes its association with IF proteins (Foisner et al., 1991) , we mutated S4268 to a Glu residue in PL-B5-linker. This phospho-mimic substitution had no effect on the partition of the recombinant protein in cytoskeletal fractionation experiments using transfected cells (unpublished data).
Finally, our results show that cell treatment with OA, a selective inhibitor of PP2A both in vitro and in vivo (Favre et al., 1997) , also increased the cellular level of pS4642, suggesting that PP2A dephosphorylates pS4642. Since PP2A is able to interact with and dephosphorylate IFs (Turowski et al., 1999) , the spatial proximity of PP2A to both IFs and plectin may facilitate pS4642 dephosphorylation, contributing to the fine-tuning of the pS4642 level.
Phosphorylation of IFs has been extensively studied (Izawa and Inagaki, 2006; Sihag et al., 2007) . Both PKA and PKC phosphorylate IFs, while in response to growth and stress signals, the ERK1/2 and p38-dependent MAPK pathways affect the organization of IF networks. Therefore, regulation of the interaction of plectin with IFs could also be influenced by IF phosphorylation.
In summary, remodeling of IF networks and dynamic regulation of IFs-associated proteins such as plectin take place in a variety of cellular processes. Our results show that stimulation of various signaling pathways regulating cell cytoarchitecture, differentiation, migration or detachment enhance the phosphorylation level of plectin S4642 by MNK2 and/or PKA (Fig. 9 ) which inhibits the binding of the C-terminal region of plectin to various IF proteins. At sites of cell-substrate contact, such as hemidesmosomes, plectin is predominantly dephosphorylated to ensure proper anchorage of IFs critical for maintenance of cytoarchitecture and cell resilience. Together, these findings give new insights into the regulation of the association of plectin with IFs.
Materials and Methods

Cloning
Plasmid inserts were generated by restriction enzyme digestion or PCR using Pfu DNA polymerase (Promega) and cDNA-specific primers containing restriction sites. Open reading frames of human vimentin, desmin, keratins 5, 8, 14, 18 and rat heavy neurofilament (NF-H), except for light NF (NF-L, res. 24-542) (GenBank accession number: NM_003380.3, NM_001927.3, NM_000424, NM_002273, NM_000526, NM_000224, NM_031783, NM_012607, respectively) were cloned in frame with the yeast GAL4-activation domain (AD) encoded by pACT2, pGAD (Clontech) or pACT2-URA (Fontao et al., 2003) . Fragments of human or mouse (m) plectin (GenBank accession number: NM_201380 and NM_201389, respectively): PL-B 4 -E (res. 3655-4684), PL-C-E (res. 4387-4684), mPL-B 5 -E (res. 4067-4686) and mPL-C-E (res. 4405-4686) were cloned in various vectors for expression in yeast pAS2-1 (Clontech), mammalian cells pEGFP-C (Clontech) and pcDNA3-HA (Fontao et al., 2003) , or bacteria pET15b (Novagen). Mutagenesis of plectin S4642/mS4644 into G, A, D or E was carried out as previously described (Zheng et al., 2004) . FLAG-tagged MNK2 and MNK1-TD cloned into pcDNA3 were obtained from Hermann Gram (Novartis, Basel, Switzerland) (Knauf et al., 2001 ) and HA-plectin-1C in pcDNA3 from Arnoud Sonnenberg (NKI, Amsterdam, The Netherlands) (Koster et al., 2003) . All PCR-amplified constructs were sequenced.
Cell culture, transfection and immunofluorescence microscopy HaCat, HEK 293T, HeLa, PtK2 and SK-MEL-2 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Sigma), 100 U/ml penicillin and 10 mg/ml streptomycin (Sigma); MD-EBS, NHK and PAJEB-b4 keratinocytes (Frijns et al., 2010) in keratinocyte serum-free medium (SFM with human keratinocyte growth supplements, Invitrogen); LAEB keratinocytes (Hobbs and Green, 2011) in keratinocyte SFM M-154 containing 0.07 mM Ca 2+ and supplemented with human keratinocyte growth supplements (Invitrogen). For hemidesmosome formation, PAJEB-b4 cells were switched to 1 mM Ca 2+ for 24 hours. HEK 293T cells were transfected by standard calcium phosphate method, the other cell lines with lipofectamine 2000 (Invitrogen) according to manufacturer's protocol. Where mentioned, 90-95% confluent HeLa cells were serum-starved for 15 hours prior to treatments. Cells were treated with EGF, PMA, anisomycin, 8-Br-cAMP, U0126, BI-D1870, SB203580, FR180204, CGP57380 and H-89, (all from Enzo Life Science), D-sorbitol (Sigma), Gö6983 and OA (LC Laboratories) at the specified concentrations. Chemicals were dissolved according to the manufacturer's recommendations in DMSO or water. For cell detachment experiments, confluent HeLa cells were washed with PBS, and incubated at 37˚C with trypsin Fig. 9 . Signaling pathways regulating the phosphorylation of plectin S4642 in HeLa cells. EGF, PMA and hyperosmotic shock (sorbitol) stimulate the phosphorylation of plectin S4642 via the ERK1/2 MAPK pathway (dotted arrows indicate indirect activations). EGF effect is independent of PKC. Sorbitol-induced hyperosmotic stress also stimulates plectin S4642 phosphorylation in a PKA-dependent manner. Phosphorylation of plectin S4642 decreases its binding to IFs. Protein Phosphatase 2A (PP2A) directly or indirectly mediates pS4642 dephosphorylation. solution (Invitrogen) for 5 minutes, dispase II (Roche), 2.4 U/ml in PBS for 10 minutes or EDTA, 0.5 mM in PBS for 10 minutes. Trypsin was blocked with two volumes of complete medium or soybean trypsin inhibitor dissolved in PBS (Gibco). Detached cells were collected by centrifugation at 180g for 5 minutes and lyzed in SDS-sample buffer for WB analysis. For re-adhesion, trypsinized cells were replated in the culture medium and adhered cells were lyzed after various incubation periods for WB analysis.
For immunofluorescence microscopy, cells were grown on glass slides and usually fixed with methanol at 220˚C for 10 minutes or occasionally with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 minutes followed by permeabilization with 0.1% TX-100. Skin biopsy cryosections, 6 mm thick, were fixed in acetone for 10 minutes at 220˚C. Incubation with primary and secondary antibodies were performed as previously described (Favre et al., 2011) . Antibodies used are given in the supplementary material Table S1 . Fluorescence was viewed with a microscope Eclipse 80i (Nikon) and LSM 510 confocal inverted laserscanning microscope (Carl Zeiss MicroImaging). Colocalization analysis was performed by using Imaris (Bitplane) and Image J software and fluorescent intensity profiles were obtained using LSM 510 software. IF collapse, defined as thick bundles or aggregates around the nucleus, was counted in $100 cells per transfection. For immunofluorescence analysis of wound healing, SK-MEL-2 cells were grown until confluence on glass coverslips and scratched in the middle with a 200 ml tip. After 20 hours, cells were washed and fixed with 4% paraformaldehyde for 10 minutes and immunostained for plectin and pS4642. Quantification of the signal intensities were performed with the NIS-Element (Nikon) software on five wounds for each experiment. Transfected PtK2 cells were incubated for 3 hours in phosphate-free DMEM supplemented with 32 P (4.6610 6 Bq/ml medium). Immunoprecipitations were performed as previously described (Fontao et al., 2003) . Cells were lyzed in 50 mM Tris-HCl (pH 8), 150 mM NaCl, 1% NP40, 1 mM EGTA (300 ml/9 cm 2 ). Soluble extracts were precleared with 50 ml of 10% (vol/vol) protein A Sepharose 4B (GE Healthcare), incubated with 5 ml GP21 antibodies (Progen). Immunoprecipitates were analyzed by WB and autoradiography.
Western blot analysis
Cells grown on 4 cm 2 were lyzed in 150 ml SDS-sample buffer (SB) or SDS-SB containing 6 M urea. Extracts were boiled for 5 minutes (except for samples containing urea) and DNA fragmented by repetitive up and down pipetting with a microsyringe. For TX-100-based cytoskeletal fractionation, cells were scraped on ice in 150 ml/4 cm 2 TX-100 buffer: PBS 0.1% TX-100, 50 mM bglycerophosphate (Sigma), 10 mM NaF (Sigma) and 1:100 protease inhibitor cocktail (Sigma P8340). TX-100-2 buffer was PBS 0.5% TX-100, 5 mM bglycerophosphate, 10 mM NaF, 5 mM EDTA (Gibco 15575), 2 mM dithiothreitol (DTT), 100 mM OA and 1:100 protease inhibitor cocktail. Lysates were centrifuged for 30 minutes at 4˚C at 21,000 RCF. To the soluble fractions 1/4 volume of 56 SDS-SB was added. Pellets were washed twice in lysis buffer, dissolved in SDS-SB with 6M urea (same final volume as soluble extracts in SDS-SB) by vortexing and brief sonication. WB was performed as previously described (Fontao et al., 2003) . Skin extracts were prepared from pieces of skin explants which were frozen in liquid nitrogen, boiled in SDS-SB for 5 minutes, then disrupted with a cell disruptor (Disruptor Genie) with 0.5 mm glass beads for 5 minutes and stored at 220˚C. WBs decorated with HRP-conjugated secondary antibodies were developed with ECL Plus reagents (GE Healthcare), whereas those decorated with fluorescent secondary antibodies were directly scanned and quantified with Typhoon 9200 (GE Healthcare) for Alexa Fluor 488 and Odyssey (Li-Cor) for infrared IRDye 680 and 800CW (Li-Cor), see supplementary material Table S1 . For accurate quantitative analyses of the phosphorylation level of recombinant or endogenous plectin proteins, the same membrane was first blotted with mouse anti-tag (GFP or HA) or anti-plectin antibodies (10F6) and rabbit antipS4642 antibodies, and then with both secondary Alexa Fluor 488 anti-mouse and IRDye 800CW anti-rabbit antibodies, which did not crossreact with the other species (see supplementary material Table S1 ).
Recombinant protein expression, purification, in vitro phosphorylation and mass spectrometry analysis Escherichia coli BL21 (DE3) were transformed with pET15b-mPL-C-E. Expression of recombinant protein was induced by adding 0.5 mM IPTG into the broth medium at 37˚C for 2 hours. Bacteria were lyzed with a sonicator in PBS, 0.5 M NaCl, 10 mM imidazole, 1% TX-100, 10 mg/ml leupeptin, aprotinin, and pepstatin (20 ml for 200 ml of culture) and centrifuged for 10 minutes at 10,000 RCF. H 6 -tagged-mPL-C-E was purified by adding 150 ml HIS-Select Nickel Affinity Gel (Sigma) for 20 ml of lysates. After centrifugation, beads were washed three times with PBS. Protein concentration was determined with Bradford protein assay reagent (Bio-Rad), using BSA as standard. Protein purity was analyzed by SDS-PAGE, followed by Coomassie Brilliant Blue staining (Bio-Rad).
H6-mPL-C-E (0.1 mg/ml) was phosphorylated in vitro by the active catalytic subunit of PKA (0.5 U/100 ml) and PKC (0.04 U/100 ml) (Sigma) in 25 mM Tris HCl, pH 7.5, 2.5 mM MgCl 2 , 1 mM NaF, 0.5 mM DTT, 10 mM bglycerophosphate with 100 mM ATP, containing 185 kBq [c-32 P]ATP for radiolabeling for 2 hours at 37˚C. Phosphorylation was analyzed by autoradiography after SDS-PAGE. For identification of phosphorylated residue(s), phosphorylated protein samples were subjected to chymotrypsin digestion, desalting and TiO 2 affinity chromatography, followed by MALDI and LC-MS/MS analysis by the protein analysis facility of the Center for Integrative Genomics at the University of Lausanne, Switzerland.
Yeast three-hybrid assays
Yeast three-hybrid (Y3H) assays were performed as previously described (Fontao et al., 2003) . To ascertain phosphorylation of recombinant plectin in yeast, cell extracts were prepared by the trichloroacetic acid method (Fontao et al., 2003) and subjected to WB.
Phosphatase treatment
WBs or glass coverslips with fixed cells, both blocked with BSA, were incubated with or without (mock-treated) calf intestine alkaline phosphatase (CIAP) 10 U/ml (Promega) in the manufacturer's buffer for 2 hours at 37˚C. Treated membranes and fixed cells were then extensively washed and incubated with antibodies as usual.
